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Abstract	
We	 appraise	 a	 waveguide-integrated	 plasmonic	 graphene	 photodetector	 based	 on	 the	 hot	 carrier	
photo-bolometric	 effect,	 with	 performance	 characterized	 simultaneously	 by	 high	 responsivity,	 on	 the	
scale	of	hundreds	of	A/W,	and	high	speed	on	the	scale	of	100’s	of	GHz.	Performance	evaluation	is	based	
on	 a	 theory	 of	 bolometric	 effect	 originating	 from	 the	 band	 nonparabolicity	 of	 graphene.	 Results	
compare	favorably	with	the	state-of-the-art	plasmonic	bolometric	photodetectors,	predicting	up	to	two	
orders	of	magnitude	 increase	 in	a	 responsivity	while	keeping	speed	on	the	same	 level,	defined	by	 the	
electron-lattice	scattering	time	in	graphene.	
Introduction	
The	next	 generation	 of	 datacom	and	 telecom	 communication	 systems	 requires	 further	 increasing	 the	
bandwidth	 of	 the	 systems	 while	 reducing	 the	 size,	 and	 power	 consumption	 [1,	 2].	 To	 meet	 those	
requirements	a	new	material	platform	need	to	me	implemented	that	is	integrated	with	the	traditional	Si	
photonics	platform	[3].	Graphene	is	a	very	promising	material	for	signal	modulation	and	photodetection	
owing	 to	 its	 extraordinary	 transport	 properties	 [4,	 5].	 Being	 only	 one	 atom	 thick	 it	 absorbs	 2.3	%	 of	
incident	light	in	a	very	wide	energy	spectrum	[6,	7].	It	has	tunable	electronic	and	optical	properties	[4],	
fast	 carrier	 dynamics	 [8,	 9]	 and	 high	 carrier	mobility	 [10]	 enabling	 ultrafast	 conversion	 of	 photons	 or	
plasmons	 to	 electrical	 current	 or	 voltage	 [11,	 12].	 Moreover,	 graphene	 is	 CMOS-compatible	 [13]	
allowing	 integration	 on	 wafer-scale	 [7,	 14]	 to	 realize,	 for	 example,	 broadband	 and	 sensitive	
photodetectors	[15-23]	and	fast	and	cost-effective	modulators	[24-28].	
High-speed	 and	 high	 responsivity	 photodetectors	 are	 crucial	 components	 in	 optical	 communications	
that	 convert	 the	 absorbed	 photons	 into	 an	 electrical	 signal	 [3,	 29].	 Being	 the	 last	 components	 in	 the	
optical	 links,	 the	 detectors	 must	 operate	 with	 low	 power	 and	 beyond	 100	 GHz.	 Furthermore,	 they	
should	be	 characterized	by	 low	dark	 current	 and	high	 responsivity.	 To	meet	 those	 requirements,	 it	 is	
desired	to	implement	a	new	material	platform	with	plasmonics	[30].	Plasmonics	can	squeeze	light	well	
below	 a	 diffraction	 limit,	 which	 reduces	 the	 device	 footprint	 [31,	 32].	 Furthermore,	 the	 small	 device	
volume	means	 a	 higher	 density	 of	 integration,	 and	 simultaneously,	 lower	 power	 consumption,	 easier	
heat	dissipation,	and	faster	operation	speed	[20,	31,	33,	34].	During	the	last	few	years	some	waveguide-
integrated	 plasmonic	 photodetectors	 on	 silicon	 [35-38]	 and	 germanium	 [39,	 40]	 have	 been	 proposed	
and	 fabricated.	 However,	 they	 suffer	 either	 from	 a	 low	 operation	 speed,	 low	 responsivity	 or	 large	
footprint	 [41].	 Thus,	 in	 last	 few	 years	 a	 lot	 of	 effort	 focused	 on	 graphene	 photodetector.	 They	 can	
operate	based	on	photovoltaic	[20,	33,	42],	photo-thermoelectric	[43-47],	or	photo-bolometric	[33,	34,	
42,	 48-51]	 effects.	 The	 choice	 of	 effect	 depends	 on	 a	 photodetector’s	 configuration	 and	 specific	
applications.	Bolometers	have	emerged	as	the	technology	of	choice,	because	they	do	not	need	cooling	
[52].	They	suffer,	however,	from	a	 low	operational	speed	due	to	their	 large	heat	capacitance	and	high	
thermal	insulation	[48].	Low	electronic	heat	capacity	of	graphene	makes	it	a	material	of	choice	for	such	
photodetectors.	Most	 of	 the	 previously	 reported	 bolometers	 operate	 based	 on	 the	 rise	 of	 the	 lattice	
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temperature	that	is	pretty	slow	what	limits	the	speed	of	the	photodetectors	[11,	53].	In	contrary,	we	use	
here	 fast	 rise	 and	 decay	 times	 of	 electronic	 temperature	 what	 highly	 improves	 the	 speed	 of	 the	
photodetectors.	 We	 utilize	 the	 temperature-dependent	 material	 properties	 for	 photodetection	 -	 the	
incident	light	raises	the	local	electronic	temperature	of	the	material,	which	reduces	the	resistance	of	the	
device	and	produces	a	change	in	the	current	[51,	53].	Graphene	is	well-suited	for	this	purpose	as	it	has	a	
small	electron	heat	capacity	and	weak	electron-phonon	(e-ph)	coupling	leading	to	a	large	light-induced	
change	in	electron	temperature	[43,	44,	54].	The	low	density	of	states	and	small	volume	for	a	given	area	
result	 in	 a	 large	 rise	 of	 electronic	 temperature	 and,	 in	 consequence,	 enhanced	 responsivity	 while	 a	
reasonably	fast	e-l	scattering	time	provides	fast	device	response	beyond	hundreds	of	GHz	[34,	50].		
Bolometric	photodetector	arrangement	
Most	 of	 the	 previously	 reported	 waveguide-integrated	 photodetectors	 suffer	 from	 weak	 external	
responsivities	that	origin	from	low	input	power	coupled	to	the	photodetector	and	the	weak	light-matter	
interaction	[13-17].	To	enhance	the	light	interaction	with	graphene,	the	plasmonic	structures	should	be	
incorporated	 as	 they	 provide	 strong	mode	 confinement	 and	 local	 field	 enhancement	 [20,	 24,	 30-32].	
Furthermore,	 they	scale	down	the	 length	of	 the	device	to	a	micrometer	range.	Most	of	 the	plasmonic	
waveguides	 support	 the	 TM	mode	 with	 a	 dominant	 out-of-plane	 electric	 field	 component	 while	 the	
absorption	in	graphene	requires	the	in-plane	electric	field	component.	Thus,	finding	a	proper	design	that	
fulfills	those	requirements	is	under	a	deep	interest.	Furthermore,	the	realization	of	bolometric	or	photo-
thermoelectric	photodetectors	requires	an	increase	of	the	electronic	temperature	of	graphene	[34,	46].	
This	 can	 be	 achieved	 by	 an	 efficient	 conversion	 of	 incident	 power	 into	 electronic	 heat.	 For	 compact	
photodetectors	 the	 power	 delivered	 to	 the	 small	 area	 of	 graphene	 highly	 increases	 the	 electronic	
temperature.	
In	 our	 previous	 study	 [34]	we	developed	 a	 theory	 of	 the	 bolometric	 effect	 originating	 from	 the	band	
nonparabolicity	of	graphene	that	does	not	require	establishment	of	a	perfect	equilibrium	between	the	
electrons	 and	 leads	 to	 a	 simple	 expression	 for	 responsivity	 that	 depends	only	 on	 a	 very	 few	material	
parameters.	Here	we	 apply	 this	 theory	 to	 some	 recently	 proposed	photodetector	 structures	with	 the	
goal	 of	 optimizing	 performances.	 We	 start	 this	 analysis	 with	 our	 proposed	 recently	 bolometric	
photodetector	 [34]	 that	 is	 based	 on	 the	 long-range	 dielectric	 loaded	 surface	 plasmon	 polariton	 (LR-
DLSPP)	 waveguide	 [35,	 39,	 43,	 55,	 56]	 with	 graphene	 placed	 at	 the	 maximum	 electric	 field	 of	 the	
propagating	mode	(Fig.	1).	As	a	result,	the	SPP	energy	is	mostly	absorbed	by	the	graphene	sheet	causing	
rise	in	electronic	temperature	and	change	in	resistance	[57,	58]	while	the	fraction	of	the	SPP	lost	in	the	
metal	is	relatively	small.		
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Fig.	 1.	 Schematic	 of	 the	 proposed	 plasmonic	 bolometric	 photodetector	 in	 symmetric	 external	 electrodes	
arrangement.	 Here,	 Si	 is	 used	 as	 both	 Semiconductor	 ridge	 and	 Semiconductor	 buffer	 material.	 A	 distance	
between	Metal	Pad	1	and	Metal	Pad	2	defines	the	length	of	the	photodetector	L	(along	y	axis	direction),	while	the	
length	of	 the	waveguide	defines	 the	width	of	 the	photodetector	W	 (along	x	 axis	direction).	 (b)	 In-plane	electric	
field	 component	of	 the	plasmonic	 TM	mode	on	graphene	 sheet	 and	 (c)	 the	 cross	 section	of	 the	photodetector.	
Inset	in	(a)	shows	the	E2	of	the	TM	mode.		
As	mentioned	above,	the	evaluation	is	performed	based	on	recently	introduced	a	theory	of	bolometric	
effect	originating	 from	 the	band	nonparabolicity	of	 graphene	 [34].	 To	minimize	 the	 contribution	 from	
the	photo-thermoelectric	(PTE)	effect,	the	symmetric	contact	arrangement	has	been	implemented	here,	
i.e.,	the	same	metals	were	used	as	contacts	and	the	structure	was	symmetric	with	respect	to	the	center	
of	the	metal	stripe/ridge	[Fig.	1b].	As	a	result,	the	band	diagram	across	the	active	graphene	channel	 is	
symmetric.	Consequently,	only	photo-bolometric	(PB)	and	photo-conductive	(PC)	effects	can	exist	under	
this	arrangement	[34].	The	specific	of	graphene	is	such	that	the	bolometric	effect	of	increases	resistance	
is	 always	 accompanied	 by	 the	 photoconductive	 effect	 caused	 by	 interband	 absorption	 that	 reduced	
resistance	[34].	However,	as	 it	was	shown	previously	[34],	the	bolometric	effect	dominates	due	to	the	
fact	that	EF	<	ħω	/2	and	τee<	τel.	
The	in-plane	electric	field	component	of	the	propagating	LR-DLSPP	mode	(Fig.	1b)	interacts	strongly	with	
graphene	 enhancing	 absorption	 [Supporting	 Fig.	 S1].	 The	 presence	 of	 the	 in-plane	 component	 of	 the	
electric	field	even	for	the	TM	mode	is	associated	here	with	the	small	thickness	of	the	metal	stripe	and	its	
sharp	metal	corners	[24].	The	electric	field	at	the	metal	stripe’s	corners	is	very	strong	but	decays	quickly	
on	the	graphene.		
Evaluation	of	bolometric	photodetectors’	performance	
As	 shown	 previously	 [34],	 the	 ratio	 of	 resistances	ΔR/R,	 a	 key	 characteristic	 of	 graphene	 bolometric	
detector	performance	can	be	found	as		
	 Δ𝑅𝑅 = 𝜂!"#𝑃!"𝜏!"2𝐸!𝑛𝑊𝐿! 	 (1)	
where	W	 and	 L1	 are	 the	 width	 and	 length	 of	 graphene,	 respectively	 that	 absorb	 a	 light,	 ηabs	 is	 the	
absorption	 efficiency,	Pin	 is	 the	 input	 power,	 τel	 is	 the	 electron-lattice	 scattering	 time,	EF	 is	 the	 Fermi	
energy	that	scales	with	two	dimensional	carrier	density	n	as	EF=	ħvF(πn)1/2,	ħ	is	the	Planck	constant	and	
vF=106	m/s	 [4]	 is	 the	 Fermi	 velocity.	As	 the	 total	 stored	 charge	n	 in	 the	 graphene	 can	be	determined	
from	the	capacitor	equation	
	 𝑒𝑛 = 𝐶!/! 𝑉! − 𝑉! 	 (2)	
where	Cg/a	is	the	gate	capacitance	per	unit	area	defined	as	Cg=ε0εd/td	ε0	is	the	vacuum	permittivity,	εd	is	
the	 relative	 dielectric	 constant	 and	 td	 is	 gate	 dielectric	 thickness,	 Vt	 is	 threshold	 voltage,	 e	 is	 the	
elementary	charge.	Taking	 into	account	the	 length	L	and	width	W	of	 the	photodetector,	 the	eq.	2	can	
takes	form	
	 𝑒𝑛𝑊𝐿 = 𝐶! 𝑉! − 𝑉! 	 (3)	
where	Cg	is	the	overall	gate	capacitance	of	the	photodetector.	Then	
	 Δ𝑅𝑅 = 𝜏!"𝑒!/!2ℏ𝑣!𝜋!/! 1𝐶! 𝑉! − 𝑉! !/! 𝜂!"#𝑃!"𝑊!/!𝐿!/!𝐿! 	 							 	(4)		
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Here	L1	 refers	 to	 the	 length	of	graphene	photodetector	 that	absorb	a	 light	and	L	 refers	 to	 the	overall	
length	of	the	photodetector.	First	term	in	eq.	4	depends	on	the	graphene	properties,	the	second	term	
defines	 the	total	charge	stored	 in	 the	graphene	under	applied	voltage,	 the	third	defines	 the	absorbed	
power	 by	 the	 photodetector	 while	 the	 fourth	 term	 defines	 the	 strength	 of	 the	 bolometric	
photodetector.	 The	 gate	 capacitance	 in	 previous	 graphene-based	 photodetectors	 was	 calculated	 or	
measured	at	6.5	fF	[48],	11.5	fF	[42],	20	fF	[45],	and	65	fF	[48]	that	depends,	as	showed	above,	on	the	
gate	dielectric	 thickness	and	permittivity	and	photodetector	dimensions.	As	observed	from	above,	 the	
thicker	gate	dielectric	results	in	lower	gate	capacitance,	thus	the	higher	gate	voltage	will	be	required	to	
achieve	 the	 same	charge	carriers	 in	graphene	and,	 in	 consequence,	 to	 set	 the	maximum	responsivity.	
The	ratio	of	resistances	and	responsivities	for	different	Vb=ΔV=Vg-Vt	were	presented	in	Fig.	2	for	τel=1	ps,	
Cg=20	 fF,	 L1=10	 nm,	 L=2	 µm,	 W=40	 µm	 and	 ηabs=40	 %	 (Supporting	 information).	 For	 shorter	
photodetector,	L=800	nm,	the	gate	capacitance	was	assumed	at	Cg=50	fF.	
	
Fig.	2.	 (a)	Ratio	of	resistances	as	a	function	of	power	absorbed	by	graphene	sheet	for	different	voltage	increases	
ΔV=Vg-Vt	for	W=40	µm,	L=2	µm	and	L1=10	nm,	and	(b)	responsivity	as	a	function	of	absorbed	power	for	different	
length	of	the	photodetector	L	and	for	ΔV=Vg-Vt=0.2	V	and	Vb=0.2	V.	
Under	 zero	 bias	 voltage,	 the	 PB	 photocurrent	 does	 not	 exist	 [33,	 42].	 However,	 under	 a	 bias	 voltage	
applied	across	the	metallic	contact,	the	change	of	graphene	resistance	can	be	detected	by	the	change	of	
the	photocurrent	flowing	through	the	graphene	sheet	as	[33,	54,	59]	
	 𝐼!! = ∆𝐼 = 𝐼!"" − 𝐼!" = 𝑉!𝑅 − 𝑉!𝑅 + Δ𝑅 = Δ𝑅𝑅 𝑉!𝑅 + Δ𝑅	 (5)	
As	observed,	the	photocurrent	depends	on	the	bias	voltage	Vb	and	the	change	of	graphene	resistance	
that	 can	 be	 expresses	 by	 the	 ration	 of	 resistance	 ΔR/R.	 Thus,	 the	 responsivity	 of	 photodetector	 is	
expressed	by	
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	 𝑅!! = 𝐼!!𝑃!"	 (6)	
Consequently,	knowing	the	photocurrent	of	the	photodetector	and	input	power,	the	responsivity	can	be	
calculated.	The	calculations	were	performed	for	conductivity	σ0=0.4	mS,	similar	to	Ref.	 [33].	For	L=800	
nm	long	and	W=40	µm	wide	photodetector	the	resistance	was	calculated	at	R=50	Ω	while	the	ratio	of	
resistances	 for	 Vb=Vg-Vt=0.2	 V,	 corresponding	 to	 n=7.8⋅1014	 m-2	 and	 EF=0.2	 eV	 for	 Cg=20	 fF,	 was	
calculated	at	ΔR/R=6.10	 for	 input	power	of	50	µW	and	ΔR/R=0.12	 for	 lower	 input	power	of	1	µW.	As	
observed	from	Fig.	2a	(ratio	of	resistances),	the	PB	photodetector	works	in	inverse	operation	mode	with	
the	off-state	in	the	dark	(where	the	current	signal	is	high)	and	the	on-state	with	light	incidence	(where	
the	 current	 signal	 is	 low).	 Furthermore,	 to	 achieve	 a	 large	 on-off	 state	 a	 strong	 suppression	 of	 the	
current	is	highly	desired	with	an	applied	optical	signal.	This	observation	is	consistent	with	experimental	
work	performed	with	 the	bow-tie	 photo-bolometric	 photodetector	 [33].	 The	 current	 change	between	
off	and	on	state	corresponds	to	a	photocurrent.		
When	 light	 is	 delivered	 to	 the	 photodetector	 with	 input	 power	 of	 50	 μW	 for	 L=800	 nm	 long	
photodetector,	that	corresponds	to	the	absorbed	power	of	20	µW,	and	voltage	Vb=Vg-Vt=0.2	V	the	ratio	
of	 resistances	 was	 calculated	 at	ΔR/R=6.1	 while	 the	 external	 responsivity	 at	 Rph=67	 A/W.	 For	 longer	
photodetector	with	L=2	μm,	the	resistance	was	calculated	at	R=125	Ω	while	the	ratio	of	resistances	at	
ΔR/R=24.	Thus,	for	Vb=Vg-Vt=0.2	V	the	responsivity	was	calculated	at	Rph=31	A/W	(Fig.	2b).		
For	 lower	 input	 power	 of	 10	 µW,	 i.e.,	 absorbed	 power	 Pabs=4	 µW	 and	 L=800	 nm,	 W=40	 µm	
photodetector,	 the	 external	 responsivity	 was	 calculated	 at	 Rph=220	 A/W	 while	 for	 L=2	 µm	 it	 was	
calculated	at	Rph=132	A/W.	As	observed	 from	above,	 the	 low	power	operation	 is	 desired	 for	 the	best	
performance	 of	 the	 photo-bolometric	 photodetector	 as	 it	 reduces	 power	 requirements	 and	 ensures	
enhanced	responsivity	that	depends	strongly	on	the	ratio	of	resistances	ΔR/R	and	bias	voltage	Vb	(eq.	5	
and	 6).	 Furthermore,	 as	 it	 was	 showed	 in	 our	 previous	 paper	 [34],	 the	 analysis	 of	 ΔR/R	 is	 strictly	
perturbative	and	it	works	very	good	for	ΔR<R,	thus	for	lower	input	powers.	
In	the	next	section	the	responsivity	of	the	proposed	photodetector	was	compared	with	the	state-of-the-
art	 plasmonic	 PB	 photodetectors:	 bow-tie	 photodetector	 [33]	 and	 metal-insulator-metal	 (MIM)	
photodetector	[42].		
Comparison	with	other	graphene	based	plasmonic	photo-bolometers	
Compared	 to	 the	 design	 proposed	 here	 (Fig.	 3a),	 the	 PB	 plasmonic	 photodetector	 based	 on	 metal-
insulator-metal	 (MIM)	 design	 was	 recently	 proposed,	 fabricated	 and	 characterized	 [42]	 (Fig.	 3b)	 that	
provides	a	huge	in-plane	electric	field	on	graphene	as	the	result	of	a	high	field	enhancement	in	a	small	
gap.	However,	for	a	small	gaps,	the	absorption	losses	in	the	metal	arise,	thus	only	40	%	of	light	can	be	
absorbed	by	graphene	for	a	gap	width	of	only	15	nm.	For	wider	gaps	a	graphene	absorption	decreases	
below	30	%	for	a	gap	width	of	20	nm.	However,	it	should	be	remembered	that	coupling	efficiency	from	a	
silicon	 photonic	 waveguide	 to	 the	 MIM	 plasmonic	 waveguide	 was	 around	 50	 %.	 Thus,	 the	 overall	
absorption	efficiency	at	graphene	can	be	evaluated	at	20	%.	For	an	extremely	small	gap	of	15	nm	the	
responsivity	was	measured	at	Rph=0.67	A/W	for	8	µW	input	power	and	for	wavelength	of	1310	nm	[42].	
As	expected,	realization	of	such	a	device	with	an	extremely	small	gap	can	be	a	very	challenging.		
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Fig.	 3.	 (a)	 Cross-section	 of	 the	 photo-bolometric	 plasmonic	 photodetector	 in	 LR-DLSPP	waveguide	 arrangement	
[34]	with	the	corresponding	plot	of	the	electron	temperature	distribution	between	metal	electrodes.	(b,	c)	Cross-
section	of	the	MIM-	[42]	(b)	and	the	bow-tie-based	[33]	(c)	PB	photodetectors	with	a	corresponding	temperature	
distribution	between	metal	electrodes	 (red	 lines).	 (b)	and	 (c)	 taken	 from	the	 literature	 for	comparison	purposes	
[33,	42].			
A	similar	arrangement	was	proposed,	fabricated	and	characterized	in	Ref.	[33]	[Fig.	3c]	where	light	from	
a	Si	photonic	waveguide	was	coupled	to	pairs	of	bow-tie	antennas	placed	on	top	of	the	Si	waveguide.	As	
a	 result,	 high	 field	 enhancement	 in	 the	 gap	 between	 the	 bow-tie	 antennas	 was	 observed	 which	
enhanced	 graphene	 absorption.	 In	 this	 arrangement	 graphene	 was	 placed	 directly	 below	 bow-tie	
antennas.	In	consequence,	the	absorption	efficiency	of	46	%	in	graphene	for	the	five	bow-tie	antennas	
pairs	was	achieved	 for	 the	gaps	width	 ranging	 from	430	nm	to	80	nm,	 i.e.,	255	nm	 in	average.	 In	 this	
case,	responsivity	of	0.5	A/W	was	measured	at	wavelength	of	1550	nm	at	input	power	of	80	µW.	For	a	
single	bow-tie	antenna	pair,	the	absorption	in	graphene	was	calculated	at	~23	%.	The	distance	between	
source	and	drain	(external	electrodes/contacts)	here	was	around	630	nm.		
As	 showed	 in	 the	 main	 text	 of	 the	 manuscript,	 the	 relative	 resistance	 change,	 ΔR/R,	 is	 a	 key	
performance	 indicator	 of	 the	 bolometric	 photodetector.	 Based	 on	 the	 data	 provided	 in	Ref.	 [33]	 and	
[42],	we	can	compare	those	two	PB	photodetectors	with	our	PB	photodetector	(Fig.	4).		
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Fig.	 4.	 (a)	 Comparison	 of	 waveguide-integrated	 plasmonic	 PB	 photodetectors	 for	 input	 power	 of	 50	 µW,	 gate	
capacitance	Cg=20	fF	and	e-l	scattering	time	of	1.0	ps.	–	(a)	ratio	of	resistances	ΔR/R	and	(b)	responsivity	Rph.		
As	observed	from	Fig.	4a,	the	highest	ratio	of	resistances	is	achieved	for	the	LR-DLSPP	arrangement	[34]	
with	ΔR/R=24	(L=2	µm	long	photodetector)	for	Vb=Vg-Vt=0.2	V	while	for	the	MIM	[42]	and	bow-tie	[33]	
arrangements	it	was	calculated	at	ΔR/R=0.0017	and	ΔR/R=0.1,	respectively	for	the	same	voltage	Vb=Vg-
Vt=0.2V.	 For	MIM	 arrangement	 L1=L=15	 nm	 and	W=5	µm	while	 for	 bow-tie	 arrangement	 L1=200	 nm,	
L=630	nm	and	W=6	µm.	The	LR-DLSPP	photodetector	arrangement	provides	over	2	orders	of	magnitude	
higher	 ratio	 than	 bow-tie	 arrangement	 and	 over	 4	 orders	 of	 magnitude	 higher	 ratio	 than	 MIM	
arrangement.	As	observed	from	eq.	4,	the	ratio	of	resistances	ΔR/R	depends	strongly	on	the	ratio	L3/2/L1	
where	L1	refers	to	the	length	of	graphene	photodetector	that	absorb	a	light	and	L	refers	to	the	overall	
length	of	 the	photodetector.	 For	 LR-DLSPP	photodetector	 it	was	 calculated	 at	 8950	while	 for	 bow-tie	
and	MIM	arrangements	at	80	and	3.9,	respectively.	
For	bot-tie	arrangement	the	resistance	was	measured	at	R=200	Ω	[33].	Taking	into	account	the	ratio	of	
resistances	ΔR/R=0.1	calculated	for	an	input	power	of	50	µW,	the	external	responsivity	was	calculated	
at	 Rph=1.1	 A/W	 for	 Vb=Vg-Vt=0.6	 V	 (Fig.	 4b).	 However,	 for	 Vb=Vg-Vt=1	 V,	 the	 ratio	 of	 resistances	 was	
calculate	 at	 ΔR/R=0.0085.	 Thus,	 the	 responsivity	 for	 an	 input	 power	 Pin=50	 µW	 was	 calculated	 at	
Rph=0.85	A/W.	The	maximum	responsivity	of	2.2	A/W	was	calculated	for	voltage	Vb=Vg-Vt=0.1	V	(Fig.	4b).	
On	a	 contrary,	 for	 the	MIM	photodetector	arrangement	 the	 resistance	was	 calculated	at	R=10	Ω.	 For	
Vb=Vg-Vt=0.6	 V	 the	 ratio	 of	 resistances	 was	 calculated	 at	 ΔR/R=0.00032	 what	 gives	 the	 external	
responsivity	at	Rph=0.38	A/W.	However,	 for	Vb=Vg-Vt=0.2	V	 the	external	 responsivity	was	calculated	at	
Rph=0.66	A/W	what	agree	well	with	the	experimental	data	Rph=0.67	A/W	[42].	
The	state-of-the-art	plasmonic	PB	photodetectors	proved	to	operate	beyond	110	GHz	under	the	room	
operation	 conditions	 [33].	 As	 it	 has	 been	 previously	 reported,	 the	 operational	 speed	 of	 the	 PB	
photodetectors	 is	not	 limited	neither	by	 the	electrical	RC	delay	 time	as	 it	 applies	 to	 the	photo-voltaic	
(PV)	effect	[42],	by	transit	time	of	carriers	to	the	electrodes	[20]	nor	by	thermal	speed	of	the	device	[48]	
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but	rather	by	relaxation	time	of	hot	carriers	in	graphene	defined	through	the	electron-lattice	scattering	
time	τel	[33,	34,	42,	48].	Despite	being	much	slower	than	electron-electron	scattering	time	τee	that	range	
from	 10’s	 of	 fs	 to	 200	 fs	 [60-62],	 it	 is	 still	 extremely	 fast	 ranging	 from	 1	 to	 2	 ps	 under	 the	 room	
temperature	 operation	 conditions	 [34,	 63,	 64].	 It	 can	 be	 even	 further	 decreased	 by	 an	 increase	 of	
phonon-lattice	temperature	TL.	It	is	in	a	cost	of	sensitivity	as	a	reduction	in	transport	current	decreases	
the	ΔR/R	while	an	increase	in	electron	temperature	Te	is	equivalent	to	an	increase	of	carrier	density	and	
leads	to	an	increase	in	transport	current	[34].	Through	increases	of	the	lattice	temperature	TL,	the	more	
efficient	cooling	pathway	for	hot	electrons	 is	achieve	as	additional	phonons	become	available	for	heat	
dissipation	[11,	54,	61].	As	it	has	been	previously	reported	[34],	the	lattice	temperature	can	be	increased	
either	 through	 a	 Joule	 heating,	 i.e.,	 applied	 electrical	 power	 [11,	 61]	 or	 through	 highly	 confined	
plasmonic	 energy	 [54].	 Thus,	 the	 compact	 devices	 can	 provide	 additional	 heat	 dissipation	 channel	
through	the	increases	of	TL	but,	simultaneously,	reducing	a	PB	effect	[42].	 It	should	be	however	noted	
that	the	efficiency	of	electron	heating	is	independent	of	lattice	temperature	and	depends	only	on	the	in-
plane	 component	 of	 the	 electric	 field	 coupled	 to	 the	 graphene	 [34,	 61].	 Recent	 studies	 showed	 that	
even	rise	the	electron	temperature	Te	to	1000’s	of	K	does	not	substantially	move	the	lattice	temperature	
TL	away	from	the	ambient	temperature	T0	[65].		
Evaluation	of	responsivity	from	electron	temperature	rise	in	a	graphene	photodetector	
As	 it	 was	mentioned	 in	 our	 previous	 paper	 [34]	 and	 repeated	 here,	 the	 proposed	 analysis	 of	 the	 PB	
effect	 is	 perturbative	 and	 thus	 approximate,	 so	 mostly	 is	 valid	 for	 the	 ΔR<R.	 For	 large	 change	 of	
resistance,	i.e.,	ΔR>R,	the	electron	temperature	should	be	estimated	directly.	
The	general	photocurrent	in	a	bolometric	photodetector	of	channel	width	W	and	length	L	is	determined	
by	electron	temperature	ΔTe	and	lattice	temperature	ΔTl	as	[48]	
	 𝐼!! ≈ 𝑊𝐿 𝜕𝜎𝜕𝑇! !!!!!!!! ∆𝑇! + 𝜕𝜎𝜕𝑇! !!!!!!!! ∆𝑇! 𝑉! 	 (7)	
where	∂σ/∂Te	and	∂σ/∂Tl	are	the	rates	of	conductivity	variation	against	changes	in	electron	and	phonon	
temperatures	and	Ts	is	an	initial	temperature	at	equilibrium	without	external	illumination.	As	observed,	
the	photocurrent	Iph	depends	on	the	electron	temperature	ΔTe	and	phonon	temperature	ΔTl	variations.	
Thus,	 it	 is	 required	 to	 evaluate	 the	 electron	 temperature	 rise	 in	 the	 photodetector	 under	 absorbed	
power.	The	absorbed	power	has	two	main	contributions	–	one	related	with	a	 light	absorption	and	the	
second	with	electrical	Joule	heating.	The	Joule	heating	power	is	produced	by	the	external	bias	voltage	Vb	
and	is	defined	as	Pabs=Vb2/R	[48].		
The	carrier	concentrations	in	graphene	and	thus	the	electron	temperature	of	hot	electrons	in	graphene	
Te	in	a	function	of	absorbed	power	is	governed	by	the	heat	transfer	equation	[66,	67]	
	 𝜅!∇!𝑇! − 𝑔!!! 𝑇! − 𝑇! + 𝑃∗ = 0	 (8)	
where	κe	represents	the	graphene	thermal	conductivity,	ge-l	 is	the	thermal	coupling	between	electrons	
and	 lattice	 (ge-l=γCe),	 γ	 is	 the	electron-lattice	 (e-l)	 cooling	 rate,	Ce	 the	electron	heat	 capacity,	T0	 is	 the	
temperature	of	the	substrate	and	P*	 is	the	power	per	unit	area	absorbed	by	the	electrons	(Supporting	
Information	1).	All	those	parameters	govern	the	heat	dissipation	in	graphene	and	hence	determine	the	
electron	temperature	rise	and	distribution	in	graphene.		
The	electronic	thermal	conductivity	κe	 is	obtained	from	the	Wiedemann-Franz	relation	that	relates	the	
thermal	and	electrical	conductivity	of	metals	and	is	expressed	by	[66,	67]	
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	 𝜅! = 𝜋!𝑘!!𝑇!3𝑒! 𝜎	 (9)	
where	e	 is	 the	electron	charge,	Te	 is	 the	operating	 temperature	and	σ	 is	 the	electrical	 conductivity	of	
graphene.	 The	 photon	 energy	 provided	 to	 the	 graphene	 quickly	 thermalize	 among	 the	 graphene	
electrons	due	to	the	fast	e-e	interaction	time,	which	occurs	on	a	femtoseconds	time	scale	[60-63].	As	a	
result,	a	quasi-equilibrium	is	established	in	tens	of	femtoseconds	[60,	63].	
The	initial	temperature	rise	in	graphene	is	determined	using	the	electronic	heat	capacity	of	monolayer	
graphene	[68,	69]	
	 𝐶! = 𝐴𝛾𝑇! 	 (10)	
where	A	is	the	area	of	the	graphene	sheet	and		
	 𝛾 = 4𝜋!/!𝑘!! 𝑛 / 3ℎ𝑣! 	 (11)	
is	the	Sommerfeld	coefficient	where	kB	is	the	Boltzmann	constant,	h	is	the	Planck	constant,	vF=106	m/s	is	
the	 graphene	 Fermi	 velocity	 and	 n	 is	 the	 charge-carrier	 density.	 The	 calculated	 electronic	 thermal	
conductivity	 κe	 and	 electronic	 heat	 capacity	 Ce	 as	 a	 function	 of	 Fermi	 energy	 for	 different	 electron	
temperatures	 Te	 were	 presented	 in	 Fig.	 S1.	 As	 observed,	 the	 electronic	 thermal	 conductivity	 is	 very	
sensitive	 to	 the	 Fermi	 energy	 and	 grows	 fast	 for	 higher	 carrier	 concentrations,	 Fermi	 energy.	
Furthermore,	it	is	much	higher	for	higher	electronic	temperatures	in	a	graphene	(Fig.	S1a).	
	
Fig.	5.	(a)	The	electron	thermal	conductivity	and	(b)	electronic	heat	capacity	as	a	function	of	Fermi	energy,	carrier	
concentration,	at	electron	 temperatures	 ranging	 from	Te=293	K	 to	Te=2000	K.	The	electron	 thermal	 conductivity	
calculated	for	a	charge	neutrality	width	Δ=100	meV.	
In	 metals,	 the	 specific	 heat	 is	 stored	 by	 the	 lattice	 vibrations	 (phonons)	 and	 the	 free	 conduction	
electrons.	In	graphene,	phonons	dominate	the	specific	heat	of	graphene	at	all	temperatures	above	1	K,	
and	 the	phonon	specific	heat	 increases	with	 temperature.	At	 very	high	 temperatures,	 the	 lattice	heat	
capacity	is	nearly	constant	at	Cp=∼5·10-14	J/K	while	the	electronic	heat	capacity	Ce	range	from	∼1.2·10-15	
to	2·10-18	 J/K	 (Fig.	5).	Consequently,	 the	 lattice	heat	capacity	 is	∼1-3	orders	higher	 than	 the	electronic	
heat	capacity	[65].	Due	to	it,	the	phonon	system	can	be	treated	as	an	ideal	thermal	bath	with	T0	staying	
constant	while	the	absorbed	power	can	give	rise	to	an	electron	temperature	Te	that	can	be	dramatically	
higher	 than	the	 lattice	 temperature	T0	 [64].	Furthermore,	Ce	 can	be	 tuned	using	a	gate	voltage	with	a	
minimum	at	the	charge	neutrality	point.	Because	of	much	lower	Ce	compared	to	Cp,	the	power	absorbed	
by	 graphene	 rise	 the	 steady	 state	 electron	 temperature	 Te	 of	 the	 graphene	 above	 the	 lattice	
temperature	T0.	
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The	analytical	solution	to	the	heat	equation	of	the	system	along	a	photodetector	length	L	is	[64]	
	 ∆𝑇! 𝑦 = 𝑇! 𝑦 − 𝑇! = 𝑠𝑖𝑛ℎ 0.5 ∙ 𝐿 − 𝑦 /𝜉𝑐𝑜𝑠ℎ (0.5 ∙ 𝐿)/𝜉 𝑃∗2 𝜉!𝜅! 	 (12)	
where	L	is	the	length	of	the	photodetector	and	ξ	is	the	e-l	cooling	length	for	hot	carrier	propagation	in	
the	photodetector.	The	e-l	cooling	length	ξ	is	a	combination	of	κe	and	gel	through	ξ=(κe/gel)1/2.		
	
Fig.	 6.	 Temperature	 dependent	 (a)	 e-ph	 coupling	 parameter	 gel	 and	 (b)	 e-l	 cooling	 length	 ξ	 for	 different	 Fermi	
energies.	
The	electron	temperature	dependent	gel	and	ξ	for	different	Fermi	energies,	carrier	concentrations,	were	
showed	on	Fig.	6.	As	observed,	 the	e-l	 cooling	 length	ξ	 strongly	depends	on	 the	Fermi	energy,	carrier	
concentration.	For	Fermi	energy	EF=0.1	eV,	the	cooling	length	reaches	ξ=4.4	µm	and	drops	to	ξ=1.2	µm	
for	EF=0.4	eV	at	Te=300	K.	As	the	cooling	length	decreases,	the	hot	carriers	strongly	thermalize	with	the	
lattice	leading	to	reduction	of	electron	temperature.		
For	 optimal	 operation	 of	 the	 photo-bolometric	 photodetector	 a	 distance	 between	 photogenerated	
carriers	in	graphene	and	external	electrodes	should	exceed	an	electron	mean	free	path	lMFP.	Under	such	
circumstances,	 the	 electron	 temperature	 Te	 will	 be	 at	maximum	while	 the	 acoustic	 phonons	 and	 the	
electrons	 in	 the	 contacts	 will	 remain	 at	 the	 bath	 temperature	 T0,	 i.e.,	 preferably	 close	 to	 the	 room	
temperature.	 As	 shown	 (Fig.	 4),	 the	 proposed	 photodetector	 arrangement	 enables	 a	 realization	 of	
photodetectors	with	a	distance	between	electrodes	that	exceeds	the	electron	mean	free	path	that	was	
calculated	at	 lMFP=38	nm.	As	such,	 the	ballistic	heat	 transfer	 through	 the	contacts	 is	 reduced.	 In	Fig.	7	
calculations	were	performed	for	conductivity	σ0=0.2	mS.	
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Fig.	7.	(a)	Temperature	distribution	between	Metal	Pad	1	and	Metal	Pad	2	(Fig.1)	for	EF=0	eV	and	(b)	temperature	
map	along	metal	contacts	and	for	different	chemical	potentials	µ.	Here,	conductivity	was	taken	at	σ0=0.2	mS	and	
length	of	the	photodetector	at	L=1000	nm.		
Furthermore,	 in	 Fig.	 8	 the	 electron	 temperature	 rise	 in	 the	 LR-DLSPP	 photodetector	 (Fig.	 8a)	 was	
compared	with	 other	 plasmonic	 bolometric	 photodetectors	 –	MIM	 (Fig.	 8b)	 and	 bow-tie	 (Fig.	 8c).	 As	
observed,	the	highest	temperature	rise	is	observed	for	LR-DLSPP	arrangement	(Fig.	8a)	where	electron	
temperature	 exceeds	 ΔTe=4000	 K	 in	 the	 middle	 of	 the	 photodetector.	 In	 comparison,	 for	 MIM	
arrangement	it	slightly	exceeds	ΔTe=170	K	(Fig.	8b)	while	for	bow-tie	arrangement	it	reaches	ΔTe=960	K	
(Fig.	 8c)	 under	 the	 same	 input	 power.	 It	 has	 been	 recently	 reported	 that	 electron	 temperature	 in	
graphene	can	increase	up	to	5000	K	under	illumination	[65].	
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Fig.	8.	Temperature	distribution	between	external	electrodes	for	(a)	LR-DLSPP	[34],	 (b)	MIM	[42]	and	(c)	bow-tie	
photodetector	 [33]	 arrangements.	 Here,	 conductivity	 was	 taken	 at	 σ0=0.4	 mS,	 input	 power	 at	 Pin=50	 µW	 and	
cooling	 length	at	ξ=1000	nm	while	 for	 (a)	an	additional	 cooling	 length	ξ=200	nm	was	considered.	The	 length	of	
photodetector	was	taken	at	(a)	L=1000nm,	(b)	L=20	nm	and	(c)	L=630	nm.	
From	calculated	electron	temperature	rise	ΔTe	in	a	graphene	it	is	possible	to	calculate	the	photocurrent	
of	the	bolometric	photodetector	using	eq.	7.	As	observed,	the	higher	electron	temperature	increases	in	
graphene	 the	 higher	 photocurrent	 Iph.	 For	W=40	µm,	 L=1	µm,	ΔTe=4000	 K	 as	 showed	 in	 Fig.	 8a	 and	
∂σ/∂Te=0.5	 µS/K	 as	 provided	 in	 Ref.	 [48],	 the	 photocurrent	 was	 calculated	 at	 Iph=16	 mA.	 The	
temperature	rise	in	the	graphene	sheet	in	Fig.	8a	was	calculated	for	the	input	power	of	50	µW,	thus	the	
responsivity	was	 calculated	 at	Rph=180	A/W.	 In	 contrast,	 the	 responsivity	 calculated	 from	 the	 ratio	 of	
resistances	ΔR/R	 for	 the	same	parameters	was	calculated	at	Rph=130	A/W	for	Vb=Vg-Vt=0.6	V	 (Fig.	4b).	
For	bow-tie	photodetector	arrangement	[33],	the	photocurrent	was	calculated	at	Iph=0.9	mA	what	gives	
a	 responsivity	 Rph=9	 A/W.	 In	 comparison,	 from	 ΔR/R	 calculation	 the	 responsivity	 was	 calculated	 at	
Rph=0.8-1.1	A/W.	However,	large	inconsistency	appears	in	case	of	MIM	photodetector	arrangement	[42]	
where	 photocurrent	was	 calculated	 at	 Iph=1.75	mA	 and	 responsivity	 at	Rph=35	A/W.	 It	 is	much	higher	
value	than	calculated	from	ΔR/R	where	responsivity	was	estimated	at	Rph=0.66	A/W.	This	inconsistency	
results	from	the	extremely	small	gap	of	15	nm	between	electrodes	that	give	rise	to	additional	heat	flow	
channel	 to	 the	 external	 electrodes.	 When	 compared	 with	 the	 experimental	 data	 we	 see	 that	
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responsivity	for	bow-tie	photodetector	was	measured	at	Rph=0.5	A/W	while	for	MIM	photodetector	at	
Rph=0.67	A/W.	As	observed,	the	responsivity	agree	pretty	well	with	the	calculations	performed	based	on	
the	ΔR/R	–	Rph=0.80	A/W	and	Rph=0.66	A/W	for	bow-tie	and	MIM	photodetectors,	respectively.	
For	a	carrier	mobility	µm=1900	cm2/(V⋅s),	as	measured	at	Ref.	[33]	and	that	corresponds	to	conductivity	
σ=0.4	mS	at	the	charge	neutrality	point	and	relaxation	time	of	1	ps,	a	diffusion	length	LD=(Vtµτ)1/2	of	140	
nm	was	calculated	for	Vt=0.1	V.	It	is	substantially	less	than	the	length	of	the	photodetector	in	LR-DLSPP	
(L=800-2000	 nm)	 and	 bow-tie	 (L=630	 nm)	 arrangements.	 Consequently,	 the	 T0	 under	 those	
circumstances	 stay	 at	 room	 temperature	 of	 293	 K.	 However,	 for	 more	 compact	 photodetector	
presented	in	Ref.	[42],	the	diffusion	length	highly	exceed	the	length	of	the	photodetector	of	15	nm,	thus	
the	temperature	T0	at	contact	highly	increases.	As	a	result,	the	temperature	increases	ΔTe	between	the	
center	of	graphene	channel	and	contacts	is	low	(Fig.	8b),	what	highly	reduced	the	bolometric	effect.	For	
a	 very	 compact	 photodetectors	 as	 in	 Ref.	 [42],	 a	 distance	 between	 electrodes	 is	 very	 close	 to	 the	
average	 separation	 between	 electrons	 defined	 as	 D=(1/n)1/2	 where	 n	 is	 the	 carrier	 concentration	 in	
graphene	[70].	For	a	typical	n=1⋅1012	cm-2,	D=10	nm	and	decreases	for	higher	carrier	concentrations.	As	
a	result,	the	screening	of	hot	carriers	through	the	external	electrodes	takes	place	what	further	reduces	
the	electron	temperature	 in	graphene.	As	stated	 in	Ref.	 [42],	a	reduction	on	slot	width	give	rise	to	an	
increased	ballistic	transport	conditions	[71].	
Conclusion	
Here,	 a	waveguide-integrated	plasmonic	 graphene	photodetector	operating	based	on	 the	hot	 carriers	
photo-bolometric	 effect	 was	 evaluated	 and	 compared	 with	 other	 state-of-the-art	 bolometric	
photodetectors.	 A	 comparison	was	 performed	 based	 on	 a	 theory	 of	 the	 bolometric	 effect	 originating	
from	 the	 band	nonparabolicity	 of	 graphene	 showing	 a	 responsivity	 exceeding	 200	A/W	 for	 LR-DLSPP-
based	 photodetector.	 Based	 on	 the	 same	 theory,	 a	 responsivity	 of	 bow-tie-based	 photodetector	was	
calculated	 at	 0.8	A/W	while	 for	MIM-based	photodetector	 is	was	 calculated	 at	 0.66	A/W.	 The	 results	
were	compared	with	a	standard	theory	where	a	photocurrent,	and	 in	consequence,	a	responsivity	are	
determined	by	the	electron	temperature	 increases	 in	a	graphene	channel.	 It	shows	a	good	agreement	
with	our	developed	theory	for	photodetectors	with	a	 length	exceeding	a	diffusion	 length.	And	what	 is	
even	 more	 important,	 it	 shows	 very	 good	 fit	 with	 the	 experimental	 data	 for	 MIM	 and	 bow-tie	
photodetectors. 
Author	information	
Affiliations	
Independent	Researcher,	90-132	Lodz,	Poland	
Jacek	Gosciniak	
John	Hopkins	University,	Baltimore,	MD	21218,	USA	
Jacob	Khurgin	
Contributions	
J.G.	performed	calculations	and	FEM	and	FDTD	simulations	and	wrote	the	article.	J.G	and	J.B.K	analyzed	
and	discussed	the	results.	Both	authors	reviewed	the	article.	
Corresponding	author	
Correspondence	to	Jacek	Gosciniak	(jeckug10@yahoo.com.sg)	
References	
	 14	
1. Cisco.	Cisco	Annual	Internet	Report	(2018–2023).	Cisco	1–41	(2020).	
2. Dong,	 P.,	 Kim,	 K.	 W.,	 Melikyan,	 A.	 &	 Baeyens,	 Y.	 Silicon	 Photonics:	 A	 Scaling	 Technology	 for	
Communications	 and	 Interconnects.	 in	 Technical	 Digest	 -	 International	 Electron	 Devices	 Meeting,	
IEDM	2018-Decem,	23.4.1-23.4.4	(IEEE,	2019).	
3. Thomson,	 D.;	 Zilkie,	 A.;	 Bowers,	 J.	 E.;	 Komljenovic,	 T.;	 Reed,	 G.	 T.;	 Vivien,	 L.;	 Marris-Morini,	 D.;	
Cassan,	E.;	Virot,	L.;	Fedeli,	 J.	M.;	Hartmann,	 J.	M.	Roadmap	on	silicon	photonics.	 J.	Opt.	2016,	18,	
073003.	
4. Geim	A.	K.;	Novoselov,	K.	S.	The	rise	of	graphene.	Nat.	Mater.	2007,	6,	183–191.	
5. Castro	Neto,	A.	H.;	Guinea,	F.;	Peres,	N.	M.	R.;	Novoselov,	K.	S.;	Geim,	A.	K.	The	electronic	properties	
of	graphene.	Rev.	Mod.	Phys.	2009,	81,	109-162.	
6. Bonaccorso,	 F.;	 Sun,	 Z.;	 Hasan,	 T.;	 Ferrari,	 A.	 C.	 Graphene	 photonics	 and	 optoelectronics.	 Nat.	
Photonics	2010,	4,	611–622.	
7. Romagnoli,	M.;	Sorianello,	V.;	Midrio,	M.;	Koppens,	F.	H.	L.;	Huyghebaert,	C.;	Neumaier,	D.;	Galli,	P.;	
Templ,	W.;	 D’Errico,	 A.;	 Ferrari,	 A.	 C.	 Graphene-	 based	 integrated	 photonics	 for	 next-	 generation	
datacom	and	telecom.	Nat.	Rev.	Mat.	2018,	3,	392–414.	
8. Dawlaty,	 J.	 M.;	 Shivaraman,	 S.;	 Chandrashekhar,	 M.;	 Rana,	 F.;	 Spencer,	 M.	 G.	 Measurement	 of	
ultrafast	carrier	dynamics	in	epitaxial	graphene.	Appl.	Phys.	Lett.	2008,	92,	042116.	
9. Lucas,	 A;	 Fong,	 K.	 Ch.	 Hydrodynamics	 of	 electrons	 in	 graphene.	 J.	 Phys.	 Cond.	 Matt.	 2018,	 30	
053001.	
10. Bolotin,	K.	I.;	Sikes,	K.	J.;	Jiang,	Z.;	Klima,	M.;	Fudenberg,	G.;	Hone,	J.;	Kim,	P.;	Stormer,	H.	L.	Ultrahigh	
electron	mobility	in	suspended	graphene.	2008,	146,	351–355.	
11. Freitag,	M.;	Low,	T.;	Xia,	F.;	Avouris,	P.	Photoconductivity	of	biased	graphene.	Nat.	Photonics	2013,	
7,	53–59.	
12. Grigorenko,	A.	N.;	Polini,	M.;	Novoselov,	K.	 S.	Graphene	plasmonics.	Nat.	Photonics	2012,	6,	 749–
758.	
13. Pospischil,	A.;	Humer,	M.;	Furchi,	M.	M.;	Bachmann,	D.;	Guider,	R.;	Fromherz,	T.;	Mueller,	T.	CMOS-
compatible	graphene	photodetector	covering	all	optical	communication	bands.	Nat.	Photonics	2013,	
7,	892.	
14. Schall,	D.;	Neumaier,	D.;	Mohsin,	M.;	Chmielak,	B.;	Bolten,	J.;	Porschatis,	C.;	Prinzen,	A.;	Matheisen,	
C.;	Kuebart,	W.;	Junginger,	B.;	Templ,	W.;	Giesecke,	A.	L.;	Kurz,	H.	50	GBit/s	Photodetectors	Based	on	
Wafer-Scale	Graphene	for	Integrated	Silicon	Photonic	Communication	Systems.	ACS	Photonics	2014,	
1	(9),	781−784.	
15. Gan,	X.;	Shiue,	R.-J.;	Gao,	Y.;	Meric,	I.;	Heinz,	T.	F.;	Shepard,	K.;	Hone,	J.;	Assefa,	S.;	Englund,	D.	Chip-
integrated	 ultrafast	 graphene	 photodetector	 with	 high	 responsivity.	 Nat.	 Photonics	 2013,	 7	 (11),	
883-887.	
16. Xia,	F.;	Mueller,	T.;	Lin,	Y.	M.;	Valdes-Garcia,	A.;	Avouris,	P.	Ultrafast	graphene	photodetector.	Nat.	
Nanotechnol.	2009,	4,	839–843.	
17. Koppens,	 F.	 H.	 L.;	Mueller,	 T.;	 Avouris,	 P.;	 Ferrari,	 A.	 C.;	 Vitiello,	M.	 S.;	 Polini,	M.	 Photodetectors	
based	on	graphene,	other	two-dimensional	materials	and	hybrid	systems.	Nat.	Nanotechnol.	2014,	
9,	780–793.	
18. Luo,	F.;	 Zhu,	M.;	Tan,	Y.;	 Sun,	H.;	 Luo,	W.;	Peng,	G.;	 Zhu,	Z.;	 Zhang,	X-A.;	Qin,	 S.	High	 responsivity	
graphene	photodetectors	from	visible	to	near-infrared	by	photogating	effect.	AIP	Advances	2018,	8,	
115106.	
	 15	
19. Shiue,	R.-Y.;	Gao,	Y.;	Wang,	Y.;	Peng,	Ch.;	Robertson,	A.	D.;	Efetov,	D.	K.;	Assefa,	S.;	Koppens,	F.	H.	L.;	
Hone,	 J.;	Englund,	D.	High-Responsivity	Graphene-Boron	Nitride	Photodetector	and	Autocorrelator	
in	a	Silicon	Photonic	Integrated	Circuits.	Nano.	Lett.	2015,	15	(11),	7288-7293.	
20. Ding,	 Y.;	 Cheng,	 Z.;	 Zhu,	 X.;	 Yvind,	 K.;	 Dong,	 J.;	 Galili,	 M.;	 Hu,	 H.;	 Mortensen,	 N.	 A.;	 Xiao,	 S.;	
Oxenlowe,	L.	K.	Ultra-compact	integrated	graphene	plasmonic	photodetector	with	bandwidth	above	
110	GHz.	Nanophotonics	2019,	9	(2),	317-325.	
21. Urich,	 A.;	 Unterrainer,	 K.;	Mueller,	 T.	 Intrinsic	 Response	 Time	 of	 Graphene	 Photodetectors.	 Nano	
Lett.	2011,	11,	2804-2808.	
22. Yoo,	T.	J.;	Kim,	Y.	J.;	Lee,	S.	K.;	Kang,	Ch.	G.;	Chang,	K.	E.;	Hwang,	H.	J.;	Revannath,	N.;	Lee,	B.	H.	Zero-
Bias	 Operation	 of	 CVD	 Graphene	 Photodetector	 with	 Asymmetric	Metal	 Contacts.	 ACS	 Photonics	
2018,	5,	365−370.	
23. De	Fazio,	D.;	Uzlu,	B.;	Torre,	I.;	Monasterio,	C.;	Gupta,	S.;	Khodkov,	T.;	Bi,	Y.;	Wang,	Z.;	Otto,	M.;	
Lemme,	M.	C.;	Goossens,	S.;	Neumaier,	D.;	Koppens,	F.	H.	L.	Graphene-Quantum	Dots	Hybrid	
Photodetectors	with	Low	Dark-Current	Readout.	ACS	Nano	2020,	doi:10.1021/acsnano.0c04848.	
24. Ansell,	D.;	Radko,	I.	P.;	Han,	Z.;	Rodriguez,	F.	J.;	Bozhevolnyi,	S.	I.;	Grigorenko,	A.	N.	Hybrid	graphene	
plasmonic	waveguide	modulators.	Nat.	Commun.	2015,	6,	8846.	
25. Amin,	 R.;	 Zhizhen,	M.;	Maiti,	 R.;	Miscuglio,	M.;	 Dalir,	 H.;	 Khurgin,	 J.	 B.;	 Sorger,	 V.	 J.	 A	 Guide	 for	
Material	and	Design	Choices	for	Electro-Optic	Modulators	and	recent	2D-Material	Silicon	Modulator	
Demonstrations.	arXiv.org	2018,	arXiv:1812.11096.	
26. Liu,	M.;	 Yin,	 X.;	Ulin-Avila,	 E.;	 Geng,	 B.;	 Zentgraf,	 T.;	 Ju,	 L.;	Wang,	 F.;	 Zhang,	 X.	 A	 graphene-based	
broadband	optical	modulator.	Nature	2011,	474,	64–67.	
27. Ayata,	 M.;	 Fedoryshyn,	 Y.;	 Heni,	 W.;	 Baeuerle,	 B.;	 Josten,	 A.;	 Zahner,	 M.;	 Koch,	 U.;	 Salamin,	 Y.;	
Hoessbacher,	C.;	Haffner,	Ch.;	Elder,	D.	L.;	Dalton,	L.	R.;	Leuthold,	J.	High-speed	plasmonic	modulator	
in	a	single	metal	layer.	Science	2017,	358,	630–632.	
28. Gosciniak,	 J.;	 Tan,	 D.	 T.	 H.	 Theoretical	 investigation	 of	 graphene-based	 photonic	modulators.	 Sci.	
Rep.	2013,	3,	1897.	
29. Piels,	 M.	 Bowers,	 J.	 E.	 Photodetectors	 for	 silicon	 photonic	 integrated	 circuits.	 in	 Photodetectors,	
Nabet,	B.	ed.	(Woodhead	Publishing,	2018),	pp.	3–20.	
30. Leuthold,	J.;	Hoessbacher,	C.;	Muehlbrandt,	S.;	Melikyan,	A.;	Kohl,	M.;	Koos,	C.;	Freude,	W.;	Dolores-
Calzadilla,	 V.;	 Smit,	 M.;	 Suarez,	 I.;	 Martínez-Pastor,	 J.;	 Fitrakis,	 E.	 P.;	 Tomkos,	 I.	 Plasmonic	
Communications:	Light	on	a	Wire.	Optics	and	Photonics	2013,	24	(5),	28-35.		
31. Khurgin,	 J.	 B.	 Relative	 merits	 of	 phononics	 vs.	 plasmonics:	 the	 energy	 balance	 approach.	
Nanophotonics	2018,	7	(1),	305-316.	
32. Schuller,	 J.	 A.;	 Barnard,	 E.	 S.;	 Cai,	W.;	 Jun,	 Y.	 Ch.;	White,	 J.	 S.;	 Brongersma,	M.	 I.	 Plasmonics	 for	
extreme	light	concentration	and	manipulation.	Nat.	Mater.	2010,	9,	193–204.	
33. Ma,	 P.;	 Salamin,	 Y.;	 Baeuerle,	 B.;	 Josten,	 A.;	 Heni,	 W.;	 Emboras,	 A.;	 Leuthold,	 J.	 Plasmonically	
Enhanced	 Graphene	 Photodetector	 Featuring	 100	 Gbit/s	 Data	 Reception,	 High	 Responsivity,	 and	
Compact	Size.	ACS	Photonics	2019,	6,	154−161.	
34. Gosciniak,	 J.;	 Khurgin,	 J.	 B.	 On-Chip	 Ultrafast	 Plasmonic	 Graphene	 Hot	 Electron	 Bolometric	
Photodetector.	ACS	Omega	2020,	5	(24),	14711-14719.	
35. Gosciniak,	J.;	Atar,	F.	B.;	Corbett,	B.;	Rasras,	M.	Plasmonic	Schottky	photodetector	with	metal	stripe	
embedded	into	semiconductor	and	with	a	CMOS-compatible	titanium	nitride.	Sci.	Rep.	2019,	9	(1),	
6048.	
	 16	
36. Gosciniak,	 J.;	 Atar,	 F.	 B.;	 Corbett,	 B.;	 Rasras,	 M.	 CMOS-Compatible	 Titanium	 Nitride	 for	 On-Chip	
Plasmonic	Schottky	Photodetectors.	ACS	Omega	2019,	4	(17),	17223-17229.	
37. Muehlbrandt,	 S.;	 Melikyan,	 A.;	 Harter,	 T.;	 Kohnle,	 K.;	 Muslija,	 A.;	 Vincze,	 P.;	Wolf,	 S.;	 Jakobs,	 P.;	
Fedoryshyn,	Y.;	Freude,	W.;	Leuthold,	J.;	Koos,	C.;	Kohl,	M.	Silicon-plasmonic	internal-photoemission	
detector	for	40  Gbit/s	data	reception.	Optica	2016,	3	(7),	741-747.	
38. Goykhman,	 I.;	 Sassi,	 U.;	 Desiatov,	 B.;	Mazurski,	 N.;	Milana,	 S.;	 de	 Fazio,	 D.;	 Eiden,	 A.;	 Khurgin,	 J.;	
Shappir,	 J.;	 Levy,	 U.;	 Ferrari,	 A.	 C.	 On-chip	 integrated,	 silicon–graphene	 plasmonic	 Schottky	
photodetector	with	high	responsivity	and	avalanche	photogain.	Nano	Lett.	2016,	16	(5),	3005-3013.	
39. Gosciniak,	 J.;	 Rasras,	 M.	 High-bandwidth	 and	 high-responsivity	 waveguide-integrated	 plasmonic	
germanium	photodetector.	JOSA	B	2019,	36	(9),	2481-2491.	
40. Salamin,	 Y.;	 Ma,	 P.;	 Baeuerle,	 B.;	 Emboras,	 A.;	 Fedoryshyn,	 Y.;	 Heni,	 W.;	 Cheng,	 B.;	 Josten,	 A.;	
Leuthold,	J.	100	GHz	Plasmonic	Photodetector.	ACS	Photonics	2018,	5,	3291−3297.	
41. Miller,	 D.	 A.	 B.	 Attojoule	 optoelectronics	 for	 low-energy	 information	 processing	 and	
communications.	J.	Lightw.	Technol.	2017,	35,	346–396.	
42. Ma,	Z.;	Kikunage,	K.;	Wang,	H.;	Sun,	S.;	Amin,	R.;	Maiti,	R.;	Tahersima,	M.	H.;	Dalir,	H.;	Miscuglio,	M.;	
Sorger,	 V.	 J.	 Compact	 Graphene	 Plasmonic	 Slot	 Photodetector	 on	 Silicon-on-insulator	 with	 High	
Responsivity.	ACS	Photonics	2020,	7,	932-940.	
43. Gosciniak,	 J.;	 Rasras,	 M.;	 Khurgin,	 J.	 Ultrafast	 Plasmonic	 Graphene	 Photodetector	 Based	 on	 the	
Channel	Photothermoelectric	Effect.	ACS	Photonics	2020,	7	(2),	488-498.	
44. Muench,	 J.	 E.;	 Ruocco,	A.;	Giambra,	M.	A.;	Miseikis,	V.;	 Zhang,	D.;	Wang,	 J.;	Watson,	H.;	 Park,	G.;	
Akhavan,	 S.;	 Sorianello,	 V.;	 Midrio,	 M.;	 Tomadin,	 A.;	 Coletti,	 C.;	 Romagnoli,	 M.;	 Ferrari,	 A.	 C.;	
Goykhman,	 I.	 Waveguide-integrated,	 Plasmonic	 Enhanced	 Graphene	 Photodetectors.	 Nano	 Lett.	
2019,	19	(11),	7632-7644.	
45. Marconi,	S.;	Giambra,	M.	A.;	Montanaro,	A.;	Miseikis,	V.;	Soresi,	S.;	Tirelli,	S.;	Galli,	P.;	Buchali,	F.;	
Templ,	W.;	Coletti,	C.;	Sorianello,	V.;	Romagnoli,	M.	Photo	Thermal	Effect	Graphene	Detector	
Featuring	105	Gbit	s-1	NRZ	and	120	Gbit	s-1	PAM4	Direct	Detection.	arXiv	2020,	arXiv:2006.01481.	
46. Miseikis,	V.;	Marconi,	S.;	Giambra,	M.	A.;	Montanaro,	A.;	Martini,	L.;	Fabbri,	F.;	Pezzini,	S.;	Piccinini,	
G.;	Forti,	S.;	Terres,	B.;	Goykhman,	I.;	Hamidouche,	L.;	Legagneux,	P.;	Sorianello,	V.;	Ferrari,	A.	C.;	
Koppens,	F.	H.	L.;	Romagnoli,	M.;	Coletti,	C.	Ultrafast,	Zero-Bias,	Graphene	Photodetectors	with	
Polymeric	Gate	Dielectric	on	Passive	Photonic	Waveguides.	ACS	Nano	2020,	
doi:10.1021/acsnano.0c02738.	
47. Guo,	J.;	Li,	J.;	Liu,	Ch.;	Yin,	Y.;	Wang,	W.;	Ni,	Z.;	Fu,	Z.;	Yu,	H.;	Xu,	Y.;	Shi,	Y.;	Ma,	Y.;	Gao,	S.;	Tong,	L.;	
Dai,	D.	High-performance	silicon-graphene	hybrid	plasmonic	waveguide	photodetectors	beyond	1.5	
um.	Light:	Science	&	Applications	2020,	9,	29.	
48. Yuan,	S.;	Yu,	R.;	Ma,	Ch.;	Deng,	B.;	Guo,	Q.;	Chen,	X.;	Li,	Ch.;	Chen,	Ch.;	Watanabe,	K.;	Taniguchi,	T.;	
de	Abajo,	J.	G.;	Xia,	F.	Room	Temperature	Graphene	Mid-Infrared	Bolometer	with	a	Broad	
Operational	Wavelength	Range.	ACS	Photonics	2020,	7,	1206-1216.	
49. Yadav,	 A.	 K.;	 Khan,	 S.	 M.;	 Kundu,	 A.;	 Rani,	 R.;	 Soin,	 N.;	 McLaughlin,	 J.;	 Misra,	 D.	 S.;	 Hazra,	 K.	 S.	
Vertically	Aligned	Few-Layered	Graphene-Based	Non-Cryogenic	Bolometer.	C	J.	of	Carbon	Research	
2019,	5,	23;	doi:10.3390/c5020023.	
50. Du,	X.;	Prober,	D.	E.;	Vora,	H.;	McKitterick,	Ch.	B.	Graphene-based	Bolometers.	Graphene	2D	Mater.	
2014,	1,	1–22.	
	 17	
51. Sassi,	U.;	Parret,	R.;	Nanot,	S.;	Bruna,	M.;	Borini,	S.;	De	Fazio,	D.;	Zhao,	Z.;	Lidorikis,	E.;	Koppens,	F.	H.	
L.;	Ferrari,	A.	C.;	Colli,	A.	Graphene-based	mid-infrared	room-temperature	pyroelectric	bolometers	
with	ultrahigh	temperature	coefficient	of	resistance.	Nat.	Commun.	2017,	8,	14311.	
52. Rogalski,	A.	Infrared	Detectors.	(CRC	Press,	2011).	
53. McKitterick,	Ch.	B.;	Prober,	D.	E.;	Karasik,	B.	S.	Performance	of	graphene	thermal	photon	detectors.	
J.	Appl.	Phys.	2013,	113,	044512.	
54. Freitag,	M.;	 Low,	 T.;	 Zhu,	W.;	 Yan,	 H.;	 Xia,	 F.;	 Avouris,	 P.	 Photocurrent	 in	 graphene	 harnesses	 by	
tunable	intrinsic	plasmons.	Nat.	Commun.	2013,	4,	1951.	
55. Gosciniak,	 J.;	 Holmgaard,	 T.;	 Bozhevolnyi,	 S.	 I.	 Theoretical	 analysis	 of	 long-range	 dielectric-loaded	
surface	plasmon	polariton	waveguides.	J.	Lightw.	Technol.	2011,	29	(10),	1473-1481.	
56. Volkov,	 V.	 S.;	 Han,	 Z.;	 Nielsen,	 M.	 G.;	 Leosson,	 K.;	 Keshmiri,	 H.;	 Gosciniak,	 J.;	 Albrektsen,	 O.;	
Bozhevolnyi,	 S.	 I.	 Long-range	dielectric-loaded	 surface	plasmon	polariton	waveguides	operating	 at	
telecommunication	wavelengths.	Opt.	Lett.	2011,	36	(21),	4278-4280.	
57. Shao,	 Q.;	 Liu,	 G.;	 Teweldebrhan,	 D.;	 Balandin,	 A.	 A.	 High-temperature	 quenching	 of	 electrical	
resistance	in	graphene	interconnects.	Appl.	Phys.	Lett.	2008,	92,	202108.	
58. Guo ,	Q.;	Yu,	R.;	Li,	Ch.;	Yuan,	S.;	Deng,	B.;	de	Abajo,	F.	 J.	B.;	Xia,	F.	Efficient	electrical	detection	of	
mid-infrared	graphene	plasmons	at	room	temperature.	Nat.	Mater.	2018,	17,	986–992.	
59. Yan,	J.;	Kim,	M-H.;	Elle,	J.	A.;	Sushkov,	A.	B.;	Jenkins,	G.	S.;	Milchberg,	H.	M.;	Fuhrer,	M.	S.;	Drew,	H.	
D.	Dual-gated	bilayer	graphene	hot-electron	bolometer.	Nat.	Nanotechnol.	2012,	7,	472–478.	
60. Song,	J.	C.	W.;	Rudner,	M.	S.;	Marcus,	Ch.	M.;	Levitov,	L.	S.	Hot	Carrier	Transport	and	Photocurrent	
Response	in	Graphene.	Nano	Lett.	2011,	11	(11),	4688-4692.	
61. Tielrooij,	K.	J.;	Piatkowski,	L.;	Massicotte,	M.;	Woessner,	A.;	Ma,	Q.;	Lee,	Y.;	Myhro,	K.	S.;	Lau,	C.	N.;	
Jarillo-Herrero,	P.;	van	Hulst,	N.	F.;	Koppens,	F.	H.	L.	Generation	of	photovoltage	 in	graphene	on	a	
femtosecond	timescale	through	efficient	carrier	heating.	Nat.	Nanotechnol.	2015,	10,	437-443.	
62. Chen,	 Y.;	 Li,	 Y.;	 Zhao,	 Y.;	 Zhou,	H.;	 Zhu,	H.	Highly	 efficient	 hot	 electron	harvesting	 from	graphene	
before	electron-hole	thermalization.	Sci.	Adv.	2019,	5,	eaax9958.	
63. Song,	 J.	C.	W.;	Levitov,	L.	S.	Energy	Flows	 in	Graphene:	Hot	Carrier	Dynamics	and	Cooling.	 J.	Phys.	
Condens.	Matter	2015,	27,	164201.	
64. Ma,	Q.;	 Gabor,	 N.	M.;	 Andersen,	 T.	 I.;	 Nair,	 N.	 L.;	Watanabe,	 K.;	 Taniguchi,	 T.;	 Jarillo-Herrero,	 P.;	
Competing	Channels	for	Hot-Electron	Cooling	in	Graphene.	Phys.	Rev.	Lett.	2014,	112,	247401.	
65. Dias,	E.	J.	C.;	Yu,	R.	de	Abajo,	J.	G.	Thermal	manipulation	of	plasmons	in	atomically	thin	films.	Light:	
Science	&	Applications	2020,	9,	87.	
66. Lin,	Y.;	Ma,	Q.;	Shen,	P.-Ch.;	Ilyas,	B.;	Yaqing,	B.;	Liao,	A.;	Ergecen,	E.;	Han,	B.;	Mao,	N.;	Zhang,	X.;	Ji,	
X.;	 Zhang,	 Y.;	 Yin,	 J.;	 Huang,	 S.;	 Dresselhaus,	 M.;	 Gedik,	 N.;	 Jarillo-Herrero,	 P.;	 Ling,	 X.;	 Kong,	 J.;	
Palacios,	 T.	 Asymmetric	 hot-carrier	 thermalization	 and	 broadband	 photoresponse	 in	 graphene-2D	
semiconductor	lateral	hererojunctions.	Sci.	Adv.	2019,	5	(6),	eaav1493.	
67. Efetov,	D.	K.;	Shiue,	R.-J.;	Gao,	Y.;	Skinner,	B.;	Walsh,	E.	D.;	Choi,	H.;	Zheng,	J.;	Tan,	Ch.;	Grosso,	G.;	
Peng,	 Ch.;	 Hone,	 J.;	 Fong,	 K.	 Ch.;	 Englund,	 D.	 Fast	 thermal	 relaxation	 in	 cavity-coupled	 graphene	
bolometers	with	a	Johnson	noise	read-out.	Nat.	Nanotechnol.	2018,	13,	797–801.	
68. Walsh,	E.	D.;	Efetov,	D.	K.;	Lee,	G-H.;	Heuck,	M.;	Crossno,	J.;	Ohki,	T.	A.;	Kim,	P.;	Englund,	D.;	Fong,	K.	
Ch.	Graphene-Based	Josephson-Junction	Single-Photon	Detector.	Phys.	Rev.	Appl.	2017,	8,	024022.	
69. Viljas,	 J.	K.;	Heikkila,	T.	T.	Electron-phonon	heat	transfer	 in	monolayer	and	bilayer	graphene.	Phys.	
Rev.	B	2010,	81,	245404.	
	 18	
70. Kim,	M.;	Xu,	S.	G.;	Berdyugin,	A.	I.;	Principi,	A.;	Slizovskiy,	S.;	Xin,	N.;	Kumaravadivek,	P.;	Kuang,	W.;	
Hamer,	M.;	Krishna	Kumar,	R.;	Gorbachev,	R.	V.;	Watanabe,	K.;	Taniguchi,	T.;	Grigorieva,	I.	V.;	Fal’ko,	
V.	I.;	Polini,	M.;	Geim,	A.	K.	Control	of	electron-electron	interaction	in	graphene	by	proximity	
screenings.	Nat.	Commun.	2020,	11,	2339.	
71. Fogler,	M.	M.;	Novikov,	D.	S.;	Glazman,	L.	I.;	Shklowskii,	B.	I.	Effect	of	disorder	on	a	graphene	p-n	
junction.	Phys.	Rev.	B	2008,	77,	075420.	
Supporting	information	
The	 power	 absorbed	 by	 the	 graphene	 photodetector	 Pabs	 is	 related	 to	 the	 input	 power	 Pin	 as	
Pabs=ηabsηcPin,	where	ηc	and	ηabs	are	the	coupling	and	absorption	efficiencies,	respectively.	Here	L1	is	the	
length	 of	 the	 in-plane	 electric	 field	 interacting	with	 graphene.	 The	 coupling	 efficiency	 in	 this	 type	 of	
plasmonic	waveguide	can	exceed	90	%,	with	absorption	efficiency	exceeding	40	%	for	40	μm-long	and	up	
to	63	%	for	100	μm-long	photodetectors,	respectively	(Fig.	S1).	Simultaneously,	as	showed	in	Fig.	1b,	the	
power	 is	 absorbed	 by	 less	 than	 10	 nm-wide	 graphene	 sheet.	 As	 a	 result,	 the	 power	 absorbed	 by	 the	
graphene	is	extremely	high,	enhancing	the	electron	temperature	in	the	graphene	(Fig.	8).		
	
	
Fig.	S1.	 (a)	Comparison	of	the	 light	absorption	efficiencies	 in	graphene	for	LR-DLSPP-based	[34],	MIM-based	[42]	
and	bow-tie-based	photodetectors	[33].	
The	 results	 were	 compared	 with	 the	 state-of-the-art	 MIM	 [Sorger]	 and	 bow-tie	 [Leuthold]	
photodetectors	 showing	 absorption	 efficiency	 of	 41	%	 and	 46	%	 for	MIM	and	 bow-tie	 arrangements,	
respectively	[Fig.	S1].	As	observed,	 it	 is	 lower	than	for	LR-DLSPP	arrangements,	however,	 it	 is	achieved	
for	only	5	µm	long	waveguides.		
 
